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Abstract | Oxygen migration to subsurface layers of palladium and its influence in catalytic
oxidation has been addressed in this mini review. Oxygen dissolution in palladium is a
well-known phenomenon; many researchers observed the presence of surface, subsurface
and bulk oxides by different methods on palladium single crystals as well as in powder
catalysts. Opinion is divided on deciding the nature of palladium that is responsible for
catalytic oxidation reactions. Nonetheless it is tilting towards oxidized palladium, which is
likely to be responsible for the oxidation catalytic activity, and increasing numbers of
evidences are available. Oxygen covered in the subsurface layers of palladium show
extended activity regime to higher temperature and it has been demonstrated by molecular
beam methods. CO oxidation studied on Pd surfaces with CO+O2 mixture displays
oxidation activity up to 900 K, highlighting a significant increase in CO adsorption capacity
on the above surfaces. In this mini review we highlight the oxygen diffusion into Pd-sub
surfaces and its characterization by several methods. Further how the subsurface oxygen
could influence the electronic structure and hence catalytic activity has been briefly
discussed through CO oxidation reactions.
1. Introduction
In the last few decades the number of vehicles all
over the world increased to many fold, and as a
consequence the air pollution rate also increased
drastically, especially in big cities. Simultaneously,
governmental regulations also increased all over
the world, which stimulated tremendous growth
in the research on environmental catalysis; in
spite of regulations, overall pollution has increased
alarmingly and much needs to be done. The
present generation automobile internal combustion
(IC) engines are working in the high air to
fuel ratio (>14.7) than the stoichiometric value
(14.7), to an almost complete combustion of fuel.
As a consequence, automotive exhaust contains
more oxygen and it is ideal for oxidation, but
not for reduction. The active catalyst which is
involved in automotive three way catalyst (TWC)
are noble metal particles (Pd, Rh, Pt)1 dispersed
on suitable metal oxide supports (Al2O3, CeO2,
SiO2, ZrO2,La2O3 etc). The catalyst is active when
the metal particles are in metallic form, and
agglomeration to bigger particles as well as oxidation
decreases the activity. For many years the classical
Pt/Rh catalyst dominated the automotive TWC
market; in Europe the Pt/Rh was used in a ratio
of about 5:1 and in the US a Pt/Rh ratio of
about 10:1 was common.2 The continuing price
rise of noble metals, shrinking Rh supply, and
technical improvements in IC engines stimulated an
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increasing substitution of Pt and Rh by Pd. One of
the first changes in technology was the substitution
of Rh by Pd. Pt/Pd catalysts were mainly used in
the 1980s. At the beginning of 1990,2 platinum
was replaced by palladium giving the Pt/Pd/Rh
(with Pt:Pd:Rh ratios from 1:14:1 to 1:28:1) and
finally the Pd/Rh- and Pd-only catalysts. Out of
noble metal particles Pd is widely used and replaces
the Rh and Pt to a large extent. Although Rh
is very active for NO reduction under fuel-rich
conditions, this is not the case under net oxidizing
conditions, since the excess oxygen inhibits the
NO reduction as well as CO oxidation activity of
Rh by oxidizing it to Rh2O3.3 Platinum catalysts
are reported to be very good for CO oxidation,
but the formation of irreversible oxide leads to
make platinum to be replaced.3 Palladium has
been suggested as an alternative active element
for NO reduction due to significant NO dissociation
capacity and its stability at high temperature and
under oxidizing conditions, as well as for CO and
hydrocarbon oxidation. Palladium based catalysts
are more suitable for current automotive catalysts,
which doesn’t undergo irreversible oxidation even at
high air/fuel ratio and the cost is relatively lower
than other noble metals. Pd has benefited from
the significant advantage called “oxygen storage”
capacity.2 This factor underscores the importance
of Pd in TWC converters.
According to United States geological survey, the
overall production of palladium was 222 metric tons
in 2006 and out of which most of the palladium is
utilized in TWC in automobile industry and this
underscores the importance of palladium.2 Present
generation IC engines are working at high air/fuel
ratio necessitates the need to study the effect of
oxygen on Pd-surfaces under various oxygen rich
conditions. This is essential due to oxygen diffusion
into subsurfaces and the bulk of Pd, depending
on the conditions. In this review we focus on the
oxygen diffusion into subsurfaces of Pd and its
influence in oxidation catalysis. The conditions for
oxygen migration to the subsurface of palladium
are simple; at temperatures above 500 K and at
high oxygen partial pressure, oxygen subsurface
diffusion begins, and different surface structure have
been observed. Mainly, two dimensional meta stable
surface oxide (Pd5O4) formation was observed
and confirmed by in situ high pressure X-ray
photoelectron spectroscopy (XPS), when the partial
pressure of oxygen was 10−3 mbar on Pd(111) or
on prolonged exposure at 10−6 mbar between 500
and 600 K.4,5 Subsurface level is defined as the top
few unit cells from the surface and typically it is of
the order of 2 nm depth.
Detailed work on CO and O2 adsorption
and CO+O2 reaction on Pd(111) surfaces has
been reported by Engel et al.6 To understand the
molecular level mechanism of CO oxidation and NO
reduction on the catalytic converter, well-ordered
single crystals of Pd and Rh has been used by
various groups.7–9 Many interesting phenomena
were observed, such as the oscillatory nature of CO
oxidation with a high O2:CO ratio. The subsurface
migration of oxygen on palladium was observed by
many research groups using various surface sensitive
techniques; out of whichmolecular beam technique8
is the method of our interest and successfully
employed to explore the influence of subsurface
towards oxidation catalysis.9
2. Oxygen diffusion into Pd subsurface —
So far
2.1. General aspects
There are significant number of studies have
been carried out on Pd interaction with oxygen
in wide temperature and pressure range which
results in the formation of oxide on surface,
subsurface, meta stable oxides (PdxOy) and bulk
oxide formation.10–20 On 1969 Sandler et al16
observed the bulk oxide formation on Pd powder
when exposed to oxygen for a long time. The total
surface area of palladium powder increased when
400 ML oxygen was deposited. The total surface area
of the powder, measured by the BET method with
krypton, was 5100 cm2 for the degassed palladium
and 6600 cm2 after depositing 400 ML of oxygen.
Hoffman et al17 observed that oxygen dissociatively
adsorb on Pd above 200 K and it forms p(2×2)
Low energy electron diffraction (LEED) pattern
at room temperature, which corresponds to 0.25
ML oxygen coverage, with oxygen atom occupying
the three fold hollow sites. In general at an oxygen
coverage (θO) of 0.25 ML on Pd(111) formation of
(2×2) structure has been observed by low energy
electron diffraction (LEED), and scanning tunneling
microscopy (STM) by many groups.17,19 In the
presence of oxygen between 10−7 and 6×10−5 mbar
and the temperature between 573 and 683 K, there
is a two dimensional metastable Pd5O4 oxide was
observed by many research groups.10,11
Thirunavukkarasu et al18 studied NO adsorption
and decomposition on Pd(111) through molecular
beam technique. It has been observed that at above
475 K, NO dissociation was observed followed by
oxygen diffusion into the subsurface. θO measured
through CO-titration demonstrates a decreasing θO
above 450 K in spite of significant NO dissociation.
Indeed oxygen deposited, due to NO dissociation,
disappears from the Pd(111) surfaces ≥475 K
is also to be noted, which is in agreement with
the above. Kinetic oscillation has been observed
in the rate of formation of CO2 from CO+O2
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Figure 1: Thermal desorption spectra of oxygen from Pd(111): (a) after
heating to 1273 K and 4000 ML oxygen at 623 K; (b) after exposure to
8000 ML at 973 K and 4000 ML at 623 K; (c) after preparation (b), but
desorption to 923 K and cooling to 300 K; (d) after preparation
(b) followed by reaction with 300 ML CO at 523 K. (Reproduced with
permission from Elsevier)
reactions and subsurface diffusion of oxygen on
Pd(110) surfaces.19 It has been demonstrated that
the presence of subsurface oxygen decreases the
work function beyond θO = 0.5 L as oxygen atoms
located beneath the topmost layer will be associated
with dipole pointing inwards with respect to surface
plane. Conrad et al20 studied the interaction of
NO and O2 on Pd(111) surfaces using LEED,
TPD, and UV-photoelectron spectroscopy (UVPES).
Titkov et al10 observed the oxygen diffusion into
the subsurface of Pd(110) at ≥400 K and the
O2 partial pressure between 2×10−8 to 7.5×10−2
Torr. Results obtained by temperature programmed
desorption (TPD) spectroscopy and XPS indicate
that oxygen penetrates into the subsurface layers
of palladium (≥ 15–20 A˚) and is distributed in a
low concentration. Growth and decomposition of
the metastable surface Pd5O4 oxide on Pd(111)12
was studied at temperatures between 573 and 683 K
and O2 pressures between 10−7 and 6×10−5 mbar.
Klo¨tzer et al12 and Leisenberger et al13 studied the
adsorption and desorption of oxygen on Pd(111)
surfaces using molecular beam adsorption, low
energy electron diffraction (LEED), TPD, and
scanning tunneling microscopy (STM), between 300
and 623 K and up to 1 ML using high flux molecular
beam of oxygen. It is shown that the formation
and decay of p(2×2) surface structure involves a
massive rearrangement of surface Pd atoms and
change in the surface geometry. Fig. 1 shows the
thermal desorption spectra results observed from
Pd(111) upon dosage of 4000 ML of oxygen at
temperature 623 K.13 Before that, the Pd(111) was
heated to 1273 K. The maximum desorption of
chemisorbed oxygen occurred in a single peak at
750 K and there is no oxygen desorption above
900 K; no additional peaks appeared at higher
temperatures in Fig. 1a. Fig. 1b was obtained after
an oxygen pre-dose of 8000 ML at 973 K, followed
by 4000 ML of oxygen at 623 K. This pretreatment
was carried out to populate the oxygen into the
subsurface levels of palladium, which produces an
additional desorption peak at 1142 K. It has been
claimed that at least five times higher exposure was
necessary to populate the subsurface layers as well
as to measure the small thermal desorption feature
that occur around 1140 K; it is because of very low
defect density in the single crystal, especially with
(111) facets. The chemisorbed oxygen can easily
be removed thermally by heating up to 923 K (Fig.
1c) or by CO titration at 523 K (Fig. 1d) without
markedly affecting the desorption feature at 1142 K.
This also indicates that the subsurface oxygen cannot
be removed by CO titration. The supply of oxygen
to the near surface is relatively easier than oxygen
migration to the bulk.
Fig. 2a shows oxygen adsorption from O2
molecular beam on a clean Pd(111) surface at
900 K.9 Oxygen flux (FO2 = 0.33 ML/s) was used in
this experiment. A decrease in O2 partial pressure at
the time of shutter removal (t = 13 s) demonstrates
a clear O2 uptake and hence adsorption.9 It is to be
underscored that direct O2 adsorption observed
well above the oxygen desorption range around
750 K, at a significant rate with a measurable
adsorption.9 It is to be underscored that direct
O2 adsorption observed well above the oxygen
desorption range around 750 K, at a significant
rate with a measurable initial sticking co-efficient
(so) as well as at later times. It is to be noted
that oxygen adsorption continue to occur for a
long period, albeit at a lower rate, compared to an
initial rate of adsorption; shutter operation has been
performed to show the trend of adsorption and
desorption throughout the experiment. Desorption
occurs exclusively from the chemisorbed oxygen
from surfaces only. The intensity of adsorption
is always bigger than desorption peak which
shows the continuous adsorption even in a
desorption regime. This demonstrates the diffusion
of adsorbed oxygen into subsurface layers. Sub-
surface diffusion stops between 500 & 600 s,
indicates a saturation of subsurface layers with
oxygen. Fig 2b displays the amount of subsurface
oxygen coverage θOSubmeasured from O2 uptake
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Figure 2: (a) Oxygen adsorption on clean Pd(111) surface kept at 900 K
for 1000 sec. The dotted line corresponds to the base pressure level
without adsorption or desorption. Note a continuous oxygen adsorption
at a slow rate of adsorption for about 500 s before it reaches a state
without any further adsorption. Intermittent beam oscillation performed
to show the desorption of adsorbed oxygen exclusively from the surface
and quickly reaches the background pressure. Upward and downward
arrows indicate the open and closed position of the shutter, respectively.
(b) Subsurface oxygen coverage (θOSub ) calculated directly from the
oxygen uptake on Pd(111) for 750 s.
at different temperatures. There is no oxygen
migration observed to the subsurfaces below 450 K,
and it is mild at 500 K. The oxygen migration
increases linearly with increase in temperature and
about 0.45 ML of oxygen could be accommodated
when the temperature is 900 K.
Figure 3 shows the phase diagram of Pd-
O system in a wide temperature and pressure
regime. Pd(111) structure was slowly converted
to PdO with increase in the O2 partial pressure
from 10−5 Torr to 1 Torr using high pressure
XPS.4 Surface and subsurface structures formed
during the oxidation of Pd(111) has been explored.
Initially (2×2) structure forms above 800 K with O2
partial pressure between 10−5 and 10−3 Torr. The
surface oxide formation with
√
6×√6 structure
has been observed between 650 and 750 K. No
“subsurface oxide” is observed during diffusion-
controlled reduction. It has been proposed that an
epitaxial “subsurface oxide” forms as a metastable
intermediate in the bulk oxidation, and that the
low activation energy for this process kinetically
stabilizes the “subsurface oxide”. Bulk PdO forms
around 1 Torr between 500–800 K.
2.2. Structure aspects
Klo¨tzer et al12 observed Pd5O4 phase using STM,
between 573 and 683 K with O2 pressure between
10−7 and 6×10−5 mbar. At 683 K the formation of
the Pd5O4 structure can be divided into two steps:
formation of an intermediate phase with oxygen
coverage of approx. 0.4 ML followed by growth of
the Pd5O4 phase. Dissociation of oxygen on the
intermediate phase seems to be easier than on the
p(2×2)O phase, since oxidation on the intermediate
phase proceeds at lower pressure (8.9×10−6 mbar,
683 K) than on the (2×2)O phase (3.5×10−5 mbar,
683 K). Decay of the Pd5O4 oxide layer at 693 K
involves rearrangement into the same intermediate√
67×√67 R12.2◦ structure, which finally breaks
up into its building blocks, small clusters of uniform
size with the unreconstructed metal surface area
covered by a p(2×2)O adlayer in between was
observed.
Leisenberger et al13 observed the surface
and subsurface oxygen on Pd(111) between 300
and 1000 K using several methods including
high-resolution electron energy loss spectroscopy
(HREELS). After 40 L dosing of O2 at two different
temperatures (300 and 523 K), LEED patterns were
measured. The spots corresponds to 300 K looks
sharp and intense half orders, whereas the half-order
reflections are weak and diffuse for 523 K, due to
decrease in the concentration of oxygen result in
subsurface migration. Conrad et al20 studied by
exposing 3 L of O2 on clean Pd(111) surface at
300 K. The appearance of diffuse half order spots
in the LEED pattern which becomes sharper with
further increase in the O2 exposure. After about 8 L
exposure a (2×2) and (√3×√3)/R30◦ structures
were identified. This structure also is quite resistant
to the attack of hydrogen, a reaction which on the
other hand very effectively removes adsorbed oxygen.
Apparently, this structure originating from the
high temperature treatment is not due to adsorbed
oxygen but must be associated with a more tightly
bound species in the form of a “surface oxide” which
is also a precursor to PdO.
Voogt et al23 studied the oxygen interaction on
Pd(111) and polycrystalline palladium with TPD,
LEED, XPS, Auger electron spectroscopy (AES), etc.
It gave an indication for the formation of surface
oxide at higher temperatures (>470 K) and at
oxygen partial pressure in the range of 7.5×10−7
Torr. XPS shows that almost 0.5 ML PdO on the
surface. However, hardly any amount of oxygen
could be observed by AES, as its electron beam
easily removed adsorbed oxygen, which is more
pronounced in Pd(111) than polycrystalline Pd; this
suggests that oxygen bounds tightly to the defect
sites. Lattice parameters calculated from the complex
LEED patterns, neither match with Pd(111) nor
PdO, and the structure is more close to speculated
PdO(010). The desorption energy calculated from
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Figure 3: Phase diagram showing the stability regions of the different
palladium oxide structures as a function of oxygen partial pressure and
temperature. The points mark the conditions under which XPS data
were acquired while increasing the oxygen pressure at fixed temperature
(oxidizing conditions). At these points, no change was observed in the
spectra over several minutes. The solid line indicates the phase transition
of bulk Pd to bulk PdO. The hatched region shows the PdO bulk oxide
stability region when the pressure is reduced from 1 Torr at fixed
temperature. (Reproduced with permission from ACS).
the TPD results is 140 ± 17 kJ/mol and this value is
close to the heat of formation of PdO, 112.8 kJ/mo1.
Zheng et al24 observed the formation of a
(
√
5×√5) R27◦ reconstruction due to oxygen
adsorption on Pd(111) surfaces by STM at >475 K.
The images of the (
√
5×√5) R27◦ structure are
twofold symmetric, consistent with the formation
of an epitaxial PdO(001)-like layer. In addition, a
(5×5) reconstruction was observed with LEED prior
to the (
√
5×√5) R27◦ reconstruction. Lundgren
et al25 observed the formation of surface oxide
on Pd(111) through STM, and surface X-ray
diffraction (SXRD). Structure of surface oxide on
Pd(111) was found to be a coplanar Pd5O4 overlayer,
forming a two-dimensional oxide on the close-
packed Pd(111) substrate. Above study revealed
that the two-dimensional Pd5O4 oxides showing no
resemblance to bulk oxides. As per both structure
and energetics, the two-dimensional oxide is an
intermediate phase between oxygen over layer and a
bulk oxide. Oxidation of Pd(110) was observed and
the initial c(2×4) structure which transforms via
the formation of anti-phase domain boundaries to a
“complex” structure with increasing oxygen partial
pressure. Using LEED, high resolution core level
spectroscopy and DFT Pd(100)–(
√
5×√5) R27◦-O
surface oxide phase was reanalyzed by Todorova
et al.26 A rumpled PdO(001) film suggested by
earlier LEED results is incompatible with all three
methods employed. Instead, two-dimensional film
to consist of a strained PdO(101) layer on top of
Pd(100) was suggested.
Lundgren et al28 observed the oxidation of
Pd(100) surfaces in a wide range of oxygen pressure
(10−6 to 103 Torr) and temperature (up to 1000 K)
by in situ surface X-ray diffraction (SXRD). Using
atomistic thermodynamics calculations, bulk oxide
growth was identified even at 675 K. Using SXRD
the presence of (
√
5×√5) R27◦ surface oxide
was confirmed, and bulk oxide film was formed
predominantly with PdO(001). The observed
diffraction changes significantly as the oxygen
pressure and temperature is increased to 103 mbar
and 675 K respectively, the (
√
5×√5) R27◦ surface
oxide has completely disappeared from the surface,
i.e., the initially formed PdO(101) plane does not
continue to grow but instead restructures. It has
been shown that there are totally six different
states of oxygen on Pd(100), including the first
stage of dissociative O2 chemisorption.24 A p(2×2)
chemisorbed layer was formed up to θO = 0.25 ML
coverage. Above 0.25 ML both c(2×2) and p(2×2)
was observed, followed by high density (2×2)
which includes subsurface oxygen, a reconstructed
(5×5), and then above 400 K a PdO(001)-like
(
√
5×√5) R27◦ reconstruction which is further
confirmed by STM, and finally bulk PdO. It has
been concluded that chemisorbed oxygen is far
more reactive toward CO than the PdO(001)-like
reconstructed surface which in turn is more reactive
than bulk PdO. Markovits et al29 studied oxygen
diffusion on Pd(111) surface from a 3-3 hollow
site, the most stable adsorption mode, to a 3–
1 hollow site through a bridge site using first-
principle quantum mechanics calculations and
slab models. The mobility of the surface induces a
large restructuring and avoiding the cleavage of the
strong (Pd–O) bonds associated with the adsorption
was predicted. The surface atoms remain attached
to the adsorbate during diffusion was found. An
altogether different conclusion derived from above
theoretical simulation is that oxygen covered Pd
layer slips into the subsurfaces and the metallic
Pd layer moves to the surface and this avoids the
energetically expensive breaking and making of Pd–
O bonds. Although an energetically viable method
for oxygen diffusion was suggested by the above
calculation,29none of the experimental observation
indicates the above mechanism.
Zheng et al24 explored the changes in surface
reconstruction due to oxygen adsorption and
diffusion into sub surfaces. In order to achieve high
oxygen coverage on the sample surface, NO2 has
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been used as a feedmolecule; uponNO2 dissociation
oxygen adsorbs on Pd and NO leaves into gas phase.
Initial exposure of NO2 at 500–575 K resulted in a
(2×2) LEED pattern as shown in Fig. 4a. Increasing
the NO2 exposure (0.79 L at 575 K) produced new
diffraction spots in addition to the spots associated
with the (2×2) pattern. As the NO2 exposure was
increased, the intensity of these new spots became
stronger, while the (2×2) spots faded, as shown in
Fig. 4b–d. The oxygen coverage associated with these
changes was 0.25–2.2 ML, and the higher coverage
regime advances the TPD peak to 750 K compared
800 K desorption peak at low coverage (0.25 ML).
Increasing the NO2 exposure further into the regime,
where the thermal desorption feature associated
with bulk PdO decomposition was observed, caused
the LEED pattern to fade and the diffuse background
to increase.
The LEED patterns in Fig. 4b–d were all obtained
at 62 or 63 eV. The spot intensities of these
Figure 4: LEED patterns illustrating structural changes corresponding to
the following doses and exposure temperatures: (a) 0.68 L at 500 K,
(b) 0.79 L at 575 K, (c) 1.35 L at 575 K, (d) and (e) 8.1 L at 575 K.
The sample was rotated between experiments accounting for the
different orientations in (a) and (e) compared with (b)–(d). The
diffraction spots are shown schematically in (f), where the black solid
spots illustrate those due to the Pd(111) substrate. (Reproduced with
permission from Elsevier).
complicated LEED patterns were strongly dependent
on energy, and additional spots became visible when
the energy was changed. This is illustrated in Fig. 4e,
which shows the LEED pattern obtained at 89 eV
after an NO2 dose of 8.1 L, the same exposure as in
Fig. 4d. The schematic diagram in Fig. 4f shows the
positions of all the observed spots. While the pattern
is rather complicated, there are several distinctive
features: an inner ring of 18 spots, a second ring of
12 spots, and then groups of three spots. It has been
explained with the aid of STM that this pattern is
due to three equivalent domains of two different
structures.
2.3. Spectroscopy aspects
Titkov et al10 studied the O2 interaction on Pd(110)
at 400 K using XPS. O 1s peak was observed at
529.3 eV, and with higher exposure (108 Langmuir)
the intensity of the peak remained constant which
indicates the invariability of chemical state and
coverage of oxygen on Pd(110). The XPS analyzer
located at 55◦ with respect to the sample surface
provided the analysis depth about 15–20 A˚. The
presence of oxygen in the subsurfaces of palladium
within 15–20 A˚ was confirmed. Leisenberger et
al13studied the interaction between oxygen and
Pd(111), and subsurface oxygen (B.E. = 529.7 eV)
could be distinguished from surface oxygen (B.E.
= 529.2 eV) by both XPS and off-specular HREELS
by CO titration. Bondzie et al31 observed the
migration of oxygen into Pd(110) subsurfaces and
the same has been attributed to be responsible for
oscillations in the kinetics of catalytic oxidation
of CO. The oxide layer decomposes upon heating
in vacuum and results in a much stronger than
normal subsurface oxygen desorption event in TPD
spectra. Fig. 5 shows HREELS spectra measured in
5◦ off- specular geometry from (a) Pd(111)-OI and
(b) Pd(111)-OII surfaces before and after a 5L CO
dose at room temperature, followed by heating to
423 K.13 In the specular mode, there is a loss peak
was observed at 58.9 meV, mentioned as Ochem, is
due to chemisorbed oxygen on Pd(111) at 300K.
This peak is also present in the HREELS spectrum
recorded from the 523 K oxygen dosed Pd surface
(lower curve in Fig. 5b). Here, however, there is an
additional weaker peak, but clearly observable, loss
structure at 40 meV is also observed. It is suggested
to be the vibrational modes of oxygen which is
present in the subsurface region, and mentioned
as Osub. Dosing the Pd(111)-OI I surface with 5 L
CO and subsequently heating to 423 K removes
the Ochem peak completely, but leaves the Osub loss
peak virtually unaffected (Fig. 5, upper curves).
Further, the Osub structure could be removed from
the HREEL spectra only after prolonged (about 1 h)
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Figure 5: HREELS spectra in 5o off-specular geometry before and after
removal of the chemisorbed oxygen by dosing (a) Pd(111)-OI and
(b) Pd(111)-OII surfaces with 5 L of CO followed by a heating to 423 K.
(Reproduced with permission from Elsevier).
sputtering and annealing treatments (up to 1000 K),
again suggesting its subsurface nature. Hence, the
loss feature at 40 meV is assigned to vibrations of
O located in the subsurface region of the Pd(111)
surface. The slow removal of Osub can be further
explained by Ar+ ion sputtering and annealing
treatments.
Gabasch et al32 studied methane oxidation
on Pd(111) surfaces at around 10−3 Torr O2
using in-situ XPS. There are three different O
1s peak was observed during heating cycle. An
increasing intensity of the O(I) (528.9 eV) and
O(II) (529.5 eV) peaks was found between 530
and 650 K, exactly in the temperature range where
the catalyst exhibits increasing activity towards
the 650 K maximum. Below 500 K, the O(I) and
O(II) was found to be less in intensity and a
dominant O(III) peak was observed at 530.4 eV.
With increasing temperature from 420 to 530 K,
O(III) peak decreases, whereas O(I) and O(II) peaks
grows in intensity. The O(I) and O(II) peaks at
528.9 and 529.5 eV corresponds to 3-fold and 4-fold
coordinated O atoms within Pd5O4 surface oxide
structures. The Pd5O4 surface oxide is characterized
by the Pdox1 and Pdox2 peaks at 335.5 and 336.3 eV,
which have been attributed to Pd atoms neighboring
two and four O atoms, respectively (Figure 6).
Importantly the presence of PdO seeds coincides
with the pronounced catalytic activity enhancement
between ∼500 and 650 K. PdO seeds in the Pd5O4
ambient represent a particularly active phase for
methane oxidation. The Pdox2 component showed a
steady growth and reached a maximum at ∼550 K,
followed by a gradual decrease, whereas the Pdox1
component remained approximately constant up
to ∼650 K and then started to decrease, indicating
the beginning of decomposition of the Pd5O4
surface oxide above 650 K. Turnover rate of methane
oxidation on PdO seeds is very high, and as soon
as this phase appeared the reaction rate increased
exponentially at 700 K (see Fig. 7). During the
heating cycle, methane conversion starts above
500 K and reaches a maximum at 650 K. Between
650 and 700 K the activity decreases again and
finally increases exponentially >700 K. As the
temperature increased above 650 K, this most active
“PdO seeds + Pd5O4” surface state decomposed
and the catalytic activity decreased significantly.
Above 750 K, the contribution of Pd 3p3/2 peak
increases, which can be attributed to a decreasing
total θO, and the O(I) component starts to dominate
over the O(II) component. Only a single O 1s
component at 529.0 eV persists above 850 K. At
such high temperatures, this equilibrium shifts
toward dissolved oxygen, θO becomes small and
reaction occurs on the metallic catalyst surface
and the reaction rate increases exponentially with
temperature.
Gabasch et al33 observed the formation of 2D
oxide phase on Pd(111), which is Pd5O4 and
supersaturated with Oads layer. The surface was
completely covered with 2D oxide between 600
and 655 K and it decomposes completely above
717 K due to diffusion of oxygen into the palladium
bulk. During cooling from high temperature and
at 2.25×10−3 Torr O2, the oxidized Pd2+ species
appeared at 788 K; whereas the similar species
decomposed at 717 K during heating is to be noted.
The surface oxidized states exhibited an inverse
hysteresis. The oxidized palladium observed during
cooling was assigned to a new oxide phase, probably
the (
√
67×√67) R12.2ostructure. The structural
changes and the formation of palladium oxide
(PdxOy) are highly dependent on temperature and
oxygen pressure.
Kim et al34 studied the palladium–oxygen
interaction using XPS. Both oxygen-chemisorbed
palladium atoms (PdOad) and PdO species has
been observed on metal substrates exposed to air at
600 to 900◦C. By examining the peak areas of the
Pd and the oxygen spectra, the presence of excess
oxygen in the form of different species including,
hydrated PdO2, PdO2, and Pd(OH)2 or Pd(OH)4
were clearly indicated. According to Weissman et
al35, high oxygen exposures of about 10 to 20 L at
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Figure 6: Pd 3d5/2 region of Pd(111) single crystal (1) in the presence of
0.06 mbar O2 at 573 K (2) and right after switching off O2. Incident
photon energy, hν = 660 eV. Dashed line: measured data, full line: fits.
(Reproduced with permission from Elsevier).
Figure 7: (a) CO2 and (b) H2O formation as a function of temperature
at a heating–cooling rate of 6.6 K min−1. (Reproduced with permission
from ACS).
sample temperatures of around 1000 K are the most
effective way to populate the subsurface oxygen.
Corro et al36 results showed a direct relation between
Pd activity for CH4 oxidation and the degree of
oxidation of Pd species. Nakai et al37 studied CO
oxidation on O-covered Pd(111) surface with fast
XPS. The oxygen overlayer is compressed upon
CO co-adsorption from a p(2×2) structure into a
(
√
3×√3) R30◦ structure and then into a p(2×1)
structure with increasing CO coverage at 300 K.
These three O phases exhibit distinctly different
reactivity. p(2×2) phase does not react with CO
unless the surface temperature is sufficiently high
(>290 K).
Figure 6 describes the importance of in-situ
spectroscopy technique to probe the presence of
subsurface oxygen. In-situ high pressure XPS has
been utilized for Pd(111) at oxygen partial pressure
of 0.06 mbar at 573 K.30 Pd 3d5/2 core level peak
contains contributions from bulk Pd (335.0 eV)
and two additional components at B.Es. of 335.6
and 336.3 eV. The Pd 3d5/2 peak observed at B.E. =
335.6 eV was attributed to adsorbed oxygen, and
the 336.3 eV peak was attributed to a new surface
oxide phase Pd5O4.30 On turning-off O2 supply,
all the high B.E. features, >335 eV, disappears
demonstrating the highly meta stable nature of
surface oxide species. This metastable oxide phase
is considered to be the precursor state before the
oxygen diffusion into subsurface begins. The above
point illustrates that, in-situ techniques are more
important to measure the observation of metastable
oxide formation on any surface.
2.4. Methane oxidation aspects on Pd surfaces
There are number of oxidation catalysts has been
reported based on Pd metal and being used for
various reactions. Pd particles, especially nano
palladium supported on Al2O3, act as good catalyst
for methane oxidation. Some of the important
features observed by several researchers about the
status of Pd are discussed in this section. Hicks
et al38 studied the effect of catalyst structure on
methane oxidation over palladium on alumina. It
has been observed that Pd particles are oxidized,
and the extent of oxidation increases further with
decrease in the particle size and an increasing
number of crystal defects. All the oxides present on
the surface is directly involved in methane oxidation.
The reaction rate depends on the structure of
oxidized palladium surfaces. Interestingly it has
been concluded that the palladium oxide dispersed
over the alumina is much less active than the
alumina dispersed over the surface of the palladium
crystallites. Farrauto et al39 also observed that
methane oxidation readily occurs when the catalysts
contains PdO. Moreover, it has been suggested
that palladium metal is inactive towards methane
oxidation, and PdO is the active phase of the catalyst.
It has been observed that the decomposition or
reduction of PdO/Al2O3 to Pd/Al2O3 results in a
decrease in the activity of palladium for methane
oxidation. Lyubovsky et al40 studied methane
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oxidation on Pd supported on α-Al2O3 and argued
that above 760◦C the metallic Pd state of the catalyst
is formed and upon cooling it transforms into the
more active PdO state. This is supported by recent
‘PdO seeds’ observation by Schlo¨gl et al.30,32–33
Adsorption and decomposition of methanol on
clean and oxygen covered Pd(111) surfaces using
static secondary ion mass spectrometry (SSIMS)
and XPS.41 SSIMS results displayed a variety of
ions that includes PdmO+ (m = 1,2), PdOCH+3 ,
PdCH+3 ; and PdnCO+ (n = 1–3) Similarly, Burch
et al42 also conclude that metallic palladium is not
active for methane oxidation. Further, chemisorbed
oxygen is less active than oxidized palladium
surfaces, and it has been found that there is no loss
of activity when the palladium is fully oxidized.
Dynamics of oxidation of Pd upon methane
oxidation has been observed by Su et al.21 Initial
oxide formed upon oxygen uptake is amorphous,
and subsequently transforms to crystalline PdO.
Oxygen is dissociatively adsorbed on the surface of
the Pd particles forming a monolayer of adsorbed
oxygen atoms and oxidation of the bulk Pd begins
above 473 K. The activity of Pd is negligible unless
it is oxidized.
2.5. CO oxidation on Pd-surfaces containing
sub-surface oxygen
Thirunavukkarasu et al18 carried out CO titration
on NO dissociated at different temperature on
Pd(111) surface and decrease in the CO2 production
was observed when the NO dissociation temperature
increased from 450 to 525 K, mostly due to
subsurface diffusion of oxygen above 500 K. Bondzie
et al22 investigated the kinetics of oxide formation
and its reduction by CO on Pd(110) surfaces. The
rate of oxide reduction measured was found to
be r = 2.38×105 pCO e0.37/RT at 350 K (1.34
ML/s) and at 400 K (14.1 ML/s) agree approximately
with the value determined by Ertl et al r = 9×108
e−14/RTat 350 K (1.6 ML/s) and at 400 K (19.9
ML/s) and others6,27 for chemisorbed oxygen,
indicating that the oxide species is weakly bound
or unstable. Figure 7 displays the rate of products
formation from methane oxidation on Pd(111)
surfaces using in-situ XPS during heating and
cooling cycle at a pressure of 0.33 mbar reaction
mixture.32 During heating, the rate of production of
CO2 and H2O was exhibited an activity maximum
at 650 K, whereas no activity maximum was found
during the subsequent cooling ramp. This kinetic
hysterics was assigned to the spectroscopically
observed difference in the surface oxidation state.
During heating, the reaction rate approached a
maximum at 650 K in the stability range of bulk PdO
seeds among the otherwise Pd5O4 2D oxide covered
surface. On the other hand, no PdO seeds were
formed during cooling, most likely due to kinetic
limitations of PdO nucleation on a passivating
surface oxide layer containing less oxygen than
Pd5O4.
Roy et al43 used solution combustion method
to synthesis Ti1−xPdxO2−δ for the first time, a new
photo catalyst for CO oxidation, NO reduction
and CxHy oxidation purpose. The photo catalytic
activity was investigated by varying Pd content
and 1 atom% of Pd ion is found to exhibit high
activity. High rates of photo oxidation of CO
with O2 over Ti1−xPdxO2−δ are observed at room
temperature. It was shown that enhanced CO
oxidation at Pd2+ ion site and O2 or NO photo
dissociation at oxide ion vacancy is responsible
for the enhanced catalytic activity. Baidya et
al44 synthesized Ce1−xSnxO2 (x = 0.1–0.5) solid
solution and its Pd substituted analogue by a
single step solution combustion method. Oxygen
storage capacity of Ce1−xSnxO2 was found to
be much higher than that of Ce1−xZrxO2 due
to accessible Ce4+/Ce3+ and Sn4+/Sn2+ redox
couples between 200 and 400 ◦C. Pd2+ ions in
Ce0.78Sn0.2Pd0.02O2−δ are highly ionic, and the
lattice oxygen of this catalyst is highly labile, leading
to low temperature CO to CO2 conversion. The rate
of CO oxidation was 2 μmol/g sat 50◦C. Thus, Pd2+
ion substituted Ce1−xSnxO2 was suggested to be a
superior catalyst compared to Pd2+ ions in CeO2,
Ce1−xZrxO2, and Ce1−xTixO2 for low temperature
exhaust applications due to the involvement of the
Sn2+/Sn4+ redox couple along with Pd2+/Pd0 and
Ce4+/Ce3+ couples.
Oxygen storage with nano palladium clusters on
ordered Fe3O4 film has been reported.45 Pd particle
size has been varied between 2 to 100 nm. For low
metal loading and small particles, oxidation is highly
efficient, but the total oxygen-storage capacity is
limited by the small amount of Pd available per
catalyst surface area. Formation of Pd oxide becomes
kinetically hindered for high metal loading and
large particles. The maximum oxygen uptake is
observed at intermediate Pd loading at a particle
size 7 nm. Here, the particles are large enough to
allow substantial amounts of interface oxide to be
formed (between Pd particles and support) but are
yet small enough to avoid strong kinetic hindrance
to oxide formation. It is to be noted that the oxide
formed is at the metal-support interface and there
is no metal oxide on the surface is reported. Very
recently CO-oxidation on Pd(111) surfaces has
been reinvestigated and the effect of sub-surface
oxygen on CO-oxidation was addressed in detail,
by molecular beam techniques.9 CO oxidation
has been measured with various ratios of CO and
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Figure 8: Temporal evolution of the beam compositions of CO:O2 [(a) 7:1, (b) 4:1, (c) 2:1, (d) 1:2,
(e) 1:4, (f) 1:10] during the transient state of the CO+O2 reaction at 800 K on Pd(111). Transient
kinetics of CO, O2 and CO2 on fig 8 (c) is encircled to show the delay in COads and CO2 production.
The steady state reached fast with oxygen-rich beams is to be noted.
O2 to demonstrate that the initial oxygen (from
the CO+O2 beam) adsorbed on Pd(111) surface
diffuses into the subsurface levels of palladium, and
after attaining the threshold subsurface coverage
the actual oxidation reaction begins on the surface.
Indeed no significant CO adsorption was observed,
especially at high temperatures (>600 K), till the
threshold (θOSub ) occurs. The amount of oxygen
that is present in the subsurface levels of Pd(111)
surfaces increase with increase in temperature up to
a threshold value under UHV conditions; however
no further oxygen uptake occurs above the threshold
coverage (θOSub ). In this process, the top few layer
of metallic Pd is converted to a mildly oxidized form
(Pdδ+), and hence the metallic bulk Pd is decoupled
from the surface due to this process.
Figure 8 shows the beam composition depen-
dence of CO + O2 reactions on clean Pd(111)
surfaces at 800 K.9 The CO:O2 composition has
been varied from CO rich (7:1) to oxygen rich (1:10).
There is a dip observed in the partial pressure of O2
observed immediately after shutter removal for all
CO:O2 compositions at t = 13 s, which indicates
that the nature of the clean metal surface at the
beginning of the reaction goes towards O-covered
Pd(111). Notably, simultaneous CO adsorption (and
CO2 production) was not observed with CO-rich
beams. CO adsorption and CO2 production begins
after a delay time (), and this delay depends on
the reaction temperature and CO:O2 composition.
 decreases systematically from 77 s for a CO
rich 7:1 composition at 800 K to no delay (0 s)
for oxygen-rich compositions above 1:4 (Fig 9a).
The above decrease in  is due to an increase in
oxygen flux (FO2 ) with increasing oxygen content
in the beam, and hence, the rate of oxygen supply
increases, which results in faster diffusion of oxygen
to the sub surfaces. CO adsorption begins only on
Pd(111) surfaces that contain oxygen atoms on the
surface as well as sub surfaces. This demonstrates
that the oxygen atoms deposited during the initial
delay time at high temperatures diffuses almost
exclusively to the subsurfaces, and hence, there is
no effective reaction, even though high FCO was
available from the beam. With a sufficient amount
of oxygen available in the sub surfaces, the electronic
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Figure 9: (a) Time delay in the beginning of CO adsorption as well as CO2 production on Pd(111)
surfaces is plotted for different temperatures and CO:O2 ratios. Reactive sticking coefficient of (b) CO
and (c) O2 measured under steady-state reaction conditions for all CO:O2 compositions between 500
and 800 K on Pd(111) surfaces.
nature of palladium changes from metallic (Pd0)
to mildly oxidized (Pdδ+), and δ depends on the
amount of oxygen in the subsurfaces. Some amount
of metastable PdxOy formation on the surface and
immediate sub surfaces cannot be ruled out.9
Figure 9a shows a plot between the time delay
() in COads and/or CO2 production in seconds
and the CO:O2 beam ratio.9 CO-rich beams show a
relatively large delay in CO2 production among
the beam compositions. The above time delay
decreases with decreasing reaction temperature
and with increasing O2 content in the beam. A
systematic decrease in  with increasing oxygen
content suggests an enhanced rate of oxygen
diffusion into the sub surfaces at high FO2 . Especially
with decreasing FCO, attaining the threshold
θOSub becomes faster. Expectedly, oxygen-lean
compositions take a longer time to attain θOSub .
The time delay also increases linearly as a function
of the CO:O2 composition, especially at high
temperature, say >700 K, due to decreasing reactive
sticking coefficient (rsO2 ). This may be attributed
to competition between oxygen diffusion into the
subsurface and oxygen desorption, since oxygen
desorption begins around 750 K. Fig 9b and c show
the plots for reactive sticking coefficient values
observed in the steady state for CO (rsCO) and
O2(rsO2 ) from CO+O2 mixed molecular beams
for different CO:O2 ratios and temperatures. With
CO-rich beams the (rsCO) varies between 0.02
and 0.25 in the steady state depending on the
beam composition and temperature. CO-rich beam
compositions show low (rsCO) values around 0.03;
however, with increasing oxygen content in the
beam and with decreasing temperature to 500 K, the
(rsCO) value increases to 0.25. It is to be emphasized
here that clean Pd(111) surfaces show hardly any
measurable CO sticking coefficient above 525 K,6,9
highlighting a dramatic change in the electronic
nature of Pd-surface that contains significant oxygen
coverage in sub-surfaces. It is to be noted that the
CO-rich (7:1) beam shows a decreasing (rsCO)
value with decreasing temperature and is in good
agreement with reported values.
The (rsO2 ) values plotted in Figure 9c display a
strikingly contrast to that of rsCO pattern in Fig.9b.
Irrespective of reaction temperature, rsO2 shows
a similar value and hardly there is any variation
for a given CO:O2 composition; and this rsO2
value increases with increasing CO content in the
beam. Especially rsO2 for CO-rich beams shows a
value between 0.2 and 0.3, indicating a significantly
large adsorption of oxygen onto Pd(111) surfaces
under SS conditions between 500 and 800 K. This
is attributed to the large number of vacant sites
available in the above temperature range, since the
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Figure 10: Steady-state rate of the CO+O2 reaction as a function of
temperature for various beam compositions. The stoichiometric ratio (2:1
to 1:2) shows a maximum steady-state rate in all temperature ranges
and the dotted line shows the CO2 production trend from 500 to 700 K
for CO+O2 (0.75:1) reported by Ertl et al (J. Chem. Phys. 1978, 69,
1267–1281). Considerable higher rate is observed from the Pd(111)
surfaces that contains subsurface oxygen compared to clean Pd(111).
CO desorption rate is very high. Nonetheless, with
O2-rich beams this cannot be true, since there is
significant to high θO due to high FO2 values. Hence,
a relatively steep decrease in rsO2 is observed with
increasing O2 content in the CO+O2 beams. High
rsO2 values observed with CO-rich beams in the
SS are comparable to those of sO02 value reported
for clean Pd(111) surfaces and underscore the high
adsorption probability,6,9 even at high temperatures
(>600 K). Similar rsO2values observed for a given
beam composition also support the onset of the CO
oxidation reaction at high temperatures only after
θOSub is attained. If oxygen diffusion to sub surfaces
continues beyond θOSub , rsO2 is also expected to
increase with increasing temperature, which is not
observed.9 Hence, it is clear that θOSub does not
change with the oxygen content in the reaction
mixture, but only with temperature, which supports
the view of electronic decoupling of the surface
layers from bulk Pd.9
Figure 10 provides the steady state CO2
production rate against the reaction temperature as
well as beam composition.9 A few interesting points
are worth highlighting from this figure: (1) There is
an optimum reaction temperature range, between
500 and 550 K, where a maximum in rate is reached
for CO:O2 beam compositions that are closer to
the stoichiometric composition (CO:O2). (2) The
above optimum temperature range broadens to
a wider temperature range, somewhere between
450 and 750 K, for CO:O2 beam compositions
that are either CO-rich or O2-rich compositions.
(3) It is interesting to note the lower rates for 1:4
compositions between 600 and 800 K, suggesting
the low-flux reactant component decides the overall
rate of the reaction. Alternatively, it may be viewed
that the reaction rate becomes less sensitive to the
beam composition at high temperatures. All of the
above observations demonstrate that the reaction
rate is effectively controlled by both the surface
temperature and the beam composition below 600 K.
Indeed the dotted line in Fig. 10 corresponds to
the rate of CO2 production from 500 to 700 K
observed by Ertl et al6 for CO:O2 = 0.75:1. The rate
maxima observed for stoichiometric CO:O2 beam
(1:1) and (0.75:1) compositions is at 500 K and the
rate observed at high temperatures is normalized to
the above maxima. Rate decreases with increasing
temperature in both cases. The rate approaches
significantly to lower value on clean Pd(111) surfaces
even at 700 K,6 whereas significantly high CO2
production is observed in our results even at 800 K.9
The enhanced CO adsorption is solely responsible
for CO2 production. In our case the presence of
oxygen in near or sub surface levels of palladium
makes CO oxidation up to 900 K.
3. Reaction mechanism
Figure 11 describes a schematic representation of CO
and O2 adsorption on Pd(111) surfaces.9,46 Fig. 11a
shows the reactant molecule (CO and O2) approach
the clean Pd(111) surface, Fig. 11b shows the clear
adsorption of O2, especially from CO-rich beam
compositions at temperatures higher than 550 K,
followed by dissociation into oxygen atoms, whereas
CO shows no net adsorption. Fig. 11b–c shows
oxygen atom diffuses into the subsurface levels
of Pd(111), which changes the surface electronic
property of Pd(111), and the palladium acquires
a mild positive charge due to the presence oxygen
in the subsurface levels; Fig. 11d shows the CO
adsorption on Pdδ+(111) surfaces and only after
oxygen diffusion into subsurfaces. The product CO2
formed upon the reaction between adsorbed CO
and O in Fig. 11e, and the CO2 desorption from
the mildly oxidized Pd(111) surface is displayed in
Fig. 11e and Fig. 11f respectively. Above illustration
sketches the various steps involved in CO oxidation
on Pd surfaces.
The kinetic data discussed briefly gives some
new information on reaction mechanism of CO
oxidation with O2 on Pd(111) surfaces, which is
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Figure 11: Schematic representation of oxygen diffusion into the
subsurface, partially oxidized palladium and CO oxidation and CO2
desorption.
diffusion of oxygen into the subsurface of palladium
above 500 K and the associated changes in surface
electronic nature. CO rich beams show a delay in
CO adsorption and CO2 production in transient
kinetics; however unambiguous O2 adsorption from
all beam composition has been observed without
any delay. The above O2 adsorption involves in the
population of subsurface levels of palladium to a
threshold coverage, and the subsurface coverage
(θOSub ) increases with increase in the reaction
temperature. Elementary steps involved in the
reaction mechanism are shown below. Apart from
the usual steps, a new stage is included on oxygen
diffusion into subsurfaces. In the first step O2
molecule adsorbed on Pd surfaces dissociates into
atomic oxygen to two adjacent sites at >200 K.
Diffusion of oxygen into the subsurface levels of
palladium begins at 500 K, which is increasing
further with increase in temperature (2). About
0.45 ML of oxygen migration could be achieved
at 900 K.9 The migrated oxygen atoms changes
the electronic nature of surface Pd atoms to
partially oxidized Pd (Pdδ+), high temperature
CO adsorption occurs (3) on partially oxidized
Pd results in CO2 formation and subsequent
desorption (4).
O2gas +2∗ k1−→ 2Oads (1)
Oads
k2,≥500K−→ Osub (2)
COgas +∗ K3−→COads (3)
COads +Oads K4−→CO2ads fast−→CO2 (4)
It is to be noted that CO adsorption decreases
exponentially >500 K due to increasing rate of
CO-desorption. Therefore, the CO2 production
rate at high temperatures is dependent on the
CO adsorption capacity, which is induced by the
changes in electronic nature of surfaces, particularly,
subsurface oxygen coverage, and hence, significant
CO-oxidation occur and sustained. It is likely that
Pd surfaces lose a considerable amount of the surface
electron cloud at high temperatures. Hence, the
surface electronic nature is significantly different at
high temperature compared to low temperatures
(<500 K) for Pd surfaces and consequently CO
(δ+C–O) adsorption is diminished. At the same
time, an adsorbed O atom to diffuse into the
subsurface region was observed. However, the
presence of oxygen in the subsurface levels recovers
electron density from the bulk at high temperatures
and makes the top atomic layers mildly oxidized.
This makes CO adsorption possible at higher
temperatures, and production of CO2 molecules
begins.9A simplified jellium model47 has been
invoked to explain the above changes.9
4. Carbon subsurface diffusion and its
impact in catalysis
Very similar to oxygen diffusion into Pd subsurfaces,
carbon diffusion and dissolution into subsurfaces
and bulk, respectively has been reported.48−51 Some
of the important aspects of the above has been
presented here. It is worthwhile to note about
diffusion of carbon into the subsurface of Pd and its
influence in catalysis. Bowker et al48 observed the
diffusion of carbon in the subsurfaces of Pd(110)
with ethene as a source reactant. Initially ethene
adsorbs between 130 and 800 K with high initial
sticking probability (s0) from 0.8 (at 130 K) to
0.35 (at 800 K). Above 450 K, ethene adsorption is
continuous with hydrogen evolution and carbon
deposition into the surface and the presence of
carbon is found to be in top few layers. Above
450 K, carbon diffuses into the subsurface levels of
Pd. Steady state ethene decomposition along with
diffusion of C into subsurfaces with continuous H2
desorption was observed >450 K . The presence of
carbon is identified by XPS, and it can be removed
by reaction with oxygen. LEED or STM patterns
doesn’t show any well-ordered structures, however,
some evidence for a c(2×2) structure has been
observed. Very recently, clean-off of carbon by gas-
phase oxygen has been addressed.48 It is important
to mention the conclusion that Pd(110) single
crystal can be converted completely to PdC with
molecular beam reaction setup, and it would take
3×105 hours or 30 years with the ethene flux of 1.5
×1017 molecules m−2 s−1. If the same experiment
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could be at atmospheric pressure with same rate
of diffusion, it would take 1 sec to form PdC. If
the Pd is on high surface area support, with 3 nm
hemispherical Pd particles (∼200 surface atoms)
it would take about 15 min to form PdC under
molecular beam conditions.48
Very similar to the above report, Schlo¨gl et
al49 observed carbon diffusion in Pd(111) during
ethene oxidation. Ethene oxidation was carried out
both on clean metal and carbon dissolved Pd(111).
Carbon diffusion starts at 480 K which leads to
subsurfaces modification and the dissolved carbon
in Pd(111) appears at 284.5 eV in XPS at ∼500 K.
The electronically altered carbon containing Pd(111)
preferentially catalyzes CO formation. A reduced
lifetime of CO on the electronically altered surface
may specifically favors CO desorption and this
might be the reason for selective formation of CO
on PdxCy . Goodman et al50 found the formation of
PdC in the synthesis of vinyl acetate using Pd/SiO2
with two different particle sizes as well as with
mixed metals Pd-Au/SiO2. The smaller Pd particles
showed greater resistance to the formation of PdCx .
The combination of Au with Pd is apparently very
effective in preventing PdCx formation in Pd-based
catalysts for vinyl acetate synthesis.
Schlo¨gl et al51observed that alkynes can be
selectively hydrogenated to alkenes on carbon
incorporated Pd catalysts in the near surface of
palladium. Carbon from the feed molecules (ethyne,
propyne and 1-pentyne) has been involved in
the diffusion to the subsurfaces and the diffused
carbon occupies the interstitial lattice sites. Better
selectivity with controlled hydrogenation to alkenes
was observed if more carbon is present in the
subsurface levels of Pd. However, the same reaction
on clean Pd surfaces leads to total hydrogenation.
5. Conclusions
The presence of subsurface oxygen and its
influence in overall kinetics, particularly transient-
state kinetics has been addressed here. Oxygen
diffusion into subsurfaces of palladium has
been demonstrated by various techniques like
thermal desorption spectroscopy, high resolution
electron energy loss spectroscopy, photoemission
spectroscopy, low energy electron diffraction, and
molecular beam. The formation of ordered surface
structures has been confirmed in LEED and STM
at different conditions. θOSub increases up to 0.42
ML on Pd(111) surfaces at 900 K with pure O2
beam.The presence of subsurface oxygen changes
the electronic state of Pd surfaces toward a mildly
oxidized (Pdδ+) state, and likely an electronic
decoupling occurs between the bulk and top
few surface atomic layers, of the order of 2 nm.
Subsurface modification opens up an area, where
extended activity to high temperatures and different
selectivity has been observed. It is expected that
more work in this area would lead to better catalytic
activity with minor modifications in the sub-
surfaces and surfaces of existing catalysts.
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